The risk of major and minor congenital malformations was compared in the offspring of diabetic (n = 2,639) and nondiabetic (n = 2,144) women who delivered at the Johns Hopkins Hospital in Baltimore, Maryland, between January 1, 1946 and December 31, 1970. In spite of ample power, there was little evidence of an increased malformation risk in offspring bom prior to the onset of overt diabetes in the mother. In offspring born after onset, the overall malformation risk was not increased, but severe multi-organ birth defects occurred at approximately twice the control group rate. It is postulated, therefore, that diabetes may act as a coteratogen enhancing the teratogenic effect of other insults but may not itself cause malformations. That some of its effects may be specific is suggested by the especially high risk of vertebral, lower limb, and urogenital defects, a pattern similar to that reported for the caudal dysgenesis syndrome. To better understand the teratogenic effects associated with diabetes, it may be necessary to consider interactions with other factors and to explore the association between maternal diabetes and caudal dysgenesis.
mation8. The studies, summarized in table 1, generally reported higher risks of birth defects, especially those classified as major (1) (2) (3) (4) (5) (6) (7) (8) (9) . The consistency of results overshadows study shortcomings which include small sample size or less-than-ideal comparability of study and control subjects with respect to other risk factors for birth defects.
Nevertheless, a number of unresolved issues remain. Is the increased risk confined to the children of overt diabetics, or are gestationally diabetic, latent diabetic, and prediabetic pregnancies also affected? How can the tendency toward severe and multiple lesions be explained? What is the role of diabetes in the pathogenesis of these defects?
On the first issue, only slight and unimpressive increases have been observed in the offspring of latent and gestationally diabetic women and little or no increases in the offspring of prediabetics studied prospectively (4, 5, 7, 8) (table 1) . On the other TABLE 1 Controlled prospective studies of birth defects in offspring of diabetic women, 1959-1983 Investigator and year (reference no.) Farquhar, 1959 hand, odds ratios as high as 70-fold have been reported in some retrospective investigations (10) (11) (12) (13) (14) (table 2) .
An adequate explanation for the predominance of severe multi-organ defects in the children of diabetic women is not yet available. A syndrome of severe defects involving predominately the spine, lower limbs, and urogenital system, termed caudal dysgenesis, has been reported to be common in diabetic pregnancies (15) (16) (17) (18) , but this relationship has not yet been adequately studied.
The significance of hyperglycemia, ke- toacidosis, and vascular problems has only begun to be explored (3, 7, 19, 20) , and the relationship between diabetes and other potential teratogens remains unknown. The present study was undertaken to shed further light on some of these questions.
MATERIALS AND METHODS
The procedure for selecting study subjects is outlined in figure 1 . All diabetic and nondiabetic women who delivered at the Johns Hopkins Hospital in Baltimore between January 1, 1946 and December 31, 1970 were identified. This was accomplished by searching the hospital's diagnostic index for obstetric delivery discharges during this period and matching these discharges with discharge diagnoses of diabetes mellitus, including diagnoses made after the reproductive years. By stratified random sampling, 600 diabetic and 600 nondiabetic mothers similar in race, age, parity, and year of index (last) Johns Hopkins delivery were selected.
With a computer, diabetic subjects were ordered on the last four digits of their history number, and the first 600 were selected for study. Next, strata were formed on the levels of the matching variables, and subjects were sorted within strata according to a computer-generated random number. Thereafter, all diabetic and an equal number of nondiabetic subjects were selected from each stratum. To validate each subject's diabetes status, hospital records were reviewed in detail. Standardized clinical and laboratory criteria were established as follows: 1) diagnosed diabetes with strong evidence-a physician's diagnosis of diabetes mellitus with evidence of diabetic retinopathy or ketoacidosis; 2) diagnosed diabetes-a physician's diagnosis of diabetes mellitus; and 3) suspect diabetes-a physician's tentative diagnosis of diabetes mellitus, including gestational diabetes.
These criteria were combined with laboratory criteria (table 3) to classify women as definite, probable, or suspect diabetics and nondiabetics (figure 2). The dates at which the first suspicion and first diagnosis of diabetes were established were used to classify pregnancies as prediabetic (prior to the first suspicion of diabetes); latently (including gestationally) diabetic (after the first suspicion but prior to the earliest diagnosis); and overtly diabetic (after the earliest diagnosis).
The health of study children was assessed by a detailed review of the mother's delivery records, the baby's pediatric records, birth certificates, applicable pathology records, fetal death reports, and death certificates. Follow-up varied from the newborn period to approximately two years after birth.
Products of pregnancies terminating prior to the 20th week of gestation were not evaluated. Also excluded were the products of plural gestations, except in the analysis of the combined risk across all pregnancies, in which case only the firstborn were included. Each child was classified according to the presence, severity, and multiplicity of developmental lesions within the various organ systems.
A congenital malformation was defined primarily on the basis of its inclusion in the Birth Defects Atlas and Compendium (24) . Trivial defects and phenotypic variants occurring at a rate of 5 per cent or higher in the nondiabetic cohort were not counted.
A defect was considered major if it was usually associated with considerable risk of social or medical disability, routinely diagnosed, and commonly required medical attention. Minor defects were abnormalities of lesser degree (e.g., umbilical hernia), which resulted in little or no lasting disability, did not usually require medical attention, and had a lesser probability of detection. The defects were classified as single if confined to one organ or multiple if two or more organs were involved. The classification and coding of all birth defect diagnoses was handled by one person (R. J. M.), making use of expert consultants as required.
Binary multiple regression (25) was used to compute the estimated congenital malformation rates in the diabetic and nondiabetic cohorts after adjustment for confounding variables.
RESULTS
The families of 1,079 of the 1,200 women originally selected were investigated. Those not studied included 104 whose medical records were missing or inadequate, three whose race was neither white nor black, and 14 who had no pregnancies advancing beyond the 19th week of gestation. Of those studied, 579 were classified as diabetic and 500 as nondiabetic.
Study women produced a total of 5,727 offspring, of whom 944 (150 nonfirstborns of twins and 794 early fetal deaths) were excluded prior to analysis. Of the remaining 4,783 offspring, 2,639 were delivered of diabetic women and 2,144 of nondiabetic women; these served as the basis for the family comparisons. The subset delivered at the Johns Hopkins Hospital, consisting of 1,159 diabetic group deliveries and 904 nondiabetic, was the subject of detailed analyses of specific pregnancy outcomes.
Black women represented 74 per cent of the diabetic group and 71 per cent of the nondiabetic group (table 4) . The diabetic and control groups were generally similar in maternal education and in gravidity. Diabetics, however, tended to be somewhat older and to have delivered their children during the earlier years of the study, a trend which increased with the certainty of the diabetic diagnosis. The most pronounced difference was the tendency for more diabetics to have completed their families after the index delivery.
Although the average age (31-34 years) at the first suspicion or diagnosis of diabetes was similar in the diabetic subgroups (table 5) , nearly twice as many definite diabetic women compared with probable diabetics were diagnosed prior to age 20. Definite diabetics were also more than twice as likely to be treated with insulin. Oral hypoglycemics were used by 11 per cent of definite diabetic women and 11 per cent of probable diabetic women but by less than 2 per cent of the suspect group. Diabetic ketoacidosis, microvascular disease, diabetic neuropathy, and macrovascular disease occurred in 40 per cent of the definite diabetic women. These complications also occurred at lower prevalence in probable diabetics but, except for diabetic neuropathy and macrovascular disease, were nonexistent in suspect diabetics.
While the overall risk of birth defects was similar, the risk of major multi-organ defects was between 80 and 100 per cent greater in the families of definite and probable diabetic women relative to those of nondiabetic women (table 6) . Children with multiple minor defects were also somewhat more common in these subgroups, but there was no evidence of an increased risk of malformations of any severity in the families of the suspect diabetic women. Single defects, both major and minor, were no more common in the families of diabetics than in those of nondiabetics; single minor defects were 30-40 per cent less prevalent in the definite and probable groups. These family comparisons were adjusted for differences in the mother's education, year of index delivery, and whether the family had been completed after the index delivery.
Birth defect risks were also analyzed according to the mother's stage of diabetes at the time of each pregnancy (table 7) . The results, adjusted for differences in the duration and intensity of follow-up, and in year of birth, showed no increased risk in offspring bom prior to the mother's development of overt diabetes. In offspring of overt diabetics, multiple defects were SO-SO per cent more common than in controls, but single defects, especially isolated minor defects, occurred at lower rates than in controls.
This deficit in single minor defects was further explored by testing whether minor defects as a whole were reduced or whether they tended to occur more frequently with other defects. The results support the second hypothesis. As a whole, minor defects occurred at about the same rate in offspring of diabetic and nondiabetic women but were twice as likely to be accompanied by other defects, especially major malformations, in the diabetic cohort (table 8) .
If specific types of developmental lesions were associated with diabetes, the inclusion of other defects in the analysis could dilute this effect and thus hinder the detection of an increase in birth defects risk. To explore this possibility, we analyzed the risk of birth defects by organ system. It was noted that the risk of major birth defects was increased in most organ systems, while minor defects were excessive only for the genitourinary system (table 9) .
Nevertheless, certain specific high-risk defects were seen in the diabetic cohort (table 10). Reduction defects of the lower limbs, absent or hypoplastic external genitalia, patent ductus arteriosus, and atrial septal defect occurred exclusively in the diabetic cohort. Gross vertebral defects were also more than 14 times as common. Renal agenesis (or hypoplasia), hydronephrosis (or hydroureter), and spina bifida were substantially increased. These highrisk defects, however, account for less than 10 per cent of the malformations in the overtly diabetic cohort and thus cannot fully account for the increased risk of major defects nor, conversely, for the absence of an increased risk of total deformities.
DISCUSSION
This study yielded no evidence that the total risk of congenital malformations in the offspring of diabetic women is increased 2.3"
•0.05<p< 0.10. ** 0.01 < p < 0.05. t Includes minor defects diagnosed in children with major defect*.
relative to the risk in the offspring of nondiabetic women, either before or after the onset of overt diabetes. Severe multi-organ defects, however, were more common and tended to increase in risk with the stage and severity of maternal diabetes. While this phenomenon occurred in virtually all organ systems, certain defects were especially frequent, namely, vertebral defects, reduction defects of the lower limbs, absent or hypoplastic kidney or external genitalia, atrial septal defect, and patent ductus arteriosus.
Although the birth defect risk in this urban teaching hospital population is higher than that usually reported, the majority of study findings are in agreement with the results of previous investigations. That increased teratogenic risks, frequently involving severe and multiple defects, are primarily associated with overt TABLE 9 Risk of birth defects by system affected in offspring of ouertly diabetic (n = 312) and nondiabetic (n = 914) study pregnancies delivered at the Johns Hopkins Hospital, Baltimore, Maryland, 1946 diabetes has been widely reported (2) (3) (4) (5) (6) (7) (8) . While there remains some controversy, the preponderance of evidence indicates, as found herein, that the increased risk of congenital malformation in the child of the latent/gestational or mild chemical diabetic woman is probably small and that in the child of the prediabetic woman is absent (4) (5) (6) (7) 14) .
An important discrepancy between the present study and some of its predecessors is our finding of no increase in the overall risk of congenital malformations in the offspring of the diabetic-this despite adequate statistical power (greater than 99 per cent) to detect an increase of twofold or more. This seems to be because of the reduced risk of isolated minor defects (and to a lesser extent isolated major defects) which offset the increase in severe and multiple lesions. Minor malformations, however, were no less common in the diabetic cohort relative to the nondiabetic; they simply occurred more frequently in children affected by other, especially major, deformities. Results consistent with these have been reported by Farquhar (1) and Simpson et al. (9) .
A possible basis for this discrepancy lies in the definitions of congenital malformations. While most investigators have tended to focus on the more severe lesions, excluding such minor defects as undescended testes, umbilical hernia, and small nevi (3, 5, 8) , the present study, as well as those of Farquhar (1) and Simpson et al. (9) , included all recognized defects, both major and minor. Thus, if diabetes were to increase the severity but not the rate of deformity, studies that excluded most minor defects would falsely conclude that the total risk of deformity was increased.
Contradicting these results is Chung and Myrianthopoulos' analysis of Collaborative Perinatal Study data (7), which included defects as mild as those in the present study and which reported an increased risk of total defects in offspring of white diabetic mothers but not of black diabetic mothers. There are, however, a number of factors in their analyses which would tend to inflate the birth defects risk in the diabetic's offspring, especially in those of the white diabetic. These include failure to control for the increased age and parity of diabetic women (26) and for their increased likelihood of delivering at major medical centers. Perhaps the greatest potential for bias lies in the inclusion of a large number of white Joslin Clinic diabetics for whom there were probably no adequate controls in terms of intensity of infant evaluation for birth defects (7) .
Of special interest is the tendency for certain high-risk defects to occur in the children of diabetic women, including malformations of the vertebral column, lower limbs, kidneys, and external genitalia. The similarity between these lesions and those associated with the caudal dysgenesis syndrome, believed by some (15) (16) (17) (18) to be specific to offspring of diabetics, is remarkable. The only dissimilarities were the absence of anal atresia and the presence of patent ductus arteriosus and atrial septal defect among the study high-risk lesions. While anal atresia did occur and was specific to the diabetic cohort, it was too rare for inclusion in table 10. The association with patent ductus arteriosus, however, may be secondary to early delivery.
The results of the present study suggest that the teratogenic role of diabetes mellitus may be more complicated than previously thought. Diabetes may not be a primary teratogen; rather, it may act principally on previously damaged organ systems or may provide an initiating insult to potentiate the effects of other teratogens. In either case, exposure to diabetes appears to increase the number and severity of lesions in embryos already destined to be deformed. Coteratogenesis of this type has been described in animal studies in which it appears to be the rule rather than the exception (27) .
The question may be raised whether it is appropriate to include relatively mild lesions frequently not considered in studies of birth defects or whether their inclusion serves only to mask the true teratogenic effect of diabetes. The findings of Ekelund et al. (28) which indicate that minor and major defects tend to be related support the rationale for including mild lesions in teratogenic studies. Furthermore, the principles of teratology (29) indicate that, depending upon the susceptibility of the host, the timing, and the dose of the exposure, the same agent can produce both mild and severe defects.
While it may not act alone as a primary teratogen, diabetes or some closely associated factor may exert effects to which specific tissues in the developing organism may be differentially susceptible. This conclusion is suggested by the pattern of highrisk defects, possibly components of the caudal dysgenesis syndrome, which could arise from an insult to tissue destined to form the hind section of the embryo. The range and severity of the defects may depend on the severity of the insult and on the stage of differentiation of the embryo.
The significance of these findings is that they may direct increased attention to the need to study both major and minor birth defects and to consider cofactors which, together with diabetes, may be responsible for severe defects in the offspring of diabetic women. They also emphasize the need for further study of the possible specific relationship between diabetes in the mother and the caudal dysgenesis syndrome in the offspring.
